ABSTRACT: Light-driven water electrolysis at a semiconductor surface is a promising way to generate hydrogen from sustainable energy sources, but its efficiency is limited by the performance of available photoabsorbers. Here we report the first time investigation of covalent organic frameworks (COFs) as a new class of photoelectrodes. The presented 2D-COF structure is assembled from aromatic amine-functionalized tetraphenylethylene and thiophene-based dialdehyde building blocks to form conjugated polyimine sheets, which π-stack in the third dimension to create photoactive porous frameworks. Highly oriented COF films absorb light in the visible range to generate photoexcited electrons that diffuse to the surface and are transferred to the electrolyte, resulting in proton reduction and hydrogen evolution. The observed photoelectrochemical activity of the 2D-COF films and their photocorrosion stability in water pave the way for a novel class of photoabsorber materials with versatile optical and electronic properties that are tunable through the selection of appropriate building blocks and their three-dimensional stacking.
■ INTRODUCTION
Photoelectrochemical (PEC) water splitting is an attractive way to generate hydrogen using renewable energy. Due to the potential of directly converting solar power into a chemical fuel or process feedstock, this process has attracted broad research interest. An ideal photoabsorber will combine efficient light harvesting with suitable band energies for water oxidation and reduction, fast interfacial charge transfer kinetics to the electrolyte, and corrosion stability under operating conditions. 1 However, the performance of known systems is modest, being primarily limited by photoabsorber material properties. On the one hand, metal oxides tend to be stable under operation (i.e., resistant against photocorrosion) but exhibit poor semiconductor properties such as short charge carrier diffusion lengths and fast recombination, which can be partially compensated by nanostructuring. 2−4 On the other hand, Si and III−V semiconductors offer favorable charge transport properties and high photocurrents but are prone to photocorrosion unless protected by overlayers. 5, 6 For this reason, the discovery of new photoabsorber materials is urgent and currently the focus of combinatorial synthetic and computational research. 7−10 In this work we explore covalent organic frameworks (COFs) as photoelectrodes for light-driven water splitting.
COFs are an emerging class of crystalline polymers composed of organic units linked via covalent bonds to form porous networks. By using multidentate building blocks, two-or threedimensional frameworks with a defined pore size and high specific surface area in conjunction with appreciable thermal and chemical stability can be obtained. In 2D-COFs, covalently bonded units form two-dimensional (2D) sheets, which stack due to dispersive forces (π-stacking) in the third dimension to construct extended open porous frameworks. The π-stacking mediates electronic interactions between the functional units, thereby providing another possible path for charge carrier transport in addition to transfer within the covalent sheets. The selection of appropriate building blocks, linkage motifs (from unconjugated boroxines, boronate esters, and borosilicates 11−14 to conjugated imines, 15−19 imides, 20, 21 and others 22−24 ) , and their stacking mode all provide ways to tailor the optical and electronic properties of COF structures, thereby opening the way for the discovery of novel materials for optoelectronic systems. COFs have found applications in gas storage, 25, 26 catalysis, 27, 28 separation, 29−31 energy storage, 32 and proton conduction. 33 Zeolitic imidazolate frameworks (ZIFs), 34 carbon nitrides (CNs), 35−40 phenyl triazine oligomers (PTOs), 41 poly(azomethine) networks (ANWs), 42 triazine-containing organic frameworks (CTFs), and even covalent organic frameworks 43−50 were found to be active in photocatalysis and photocatalytic hydrogen evolution reactions, where photogenerated charge separation was achieved by adding noble metal cocatalysts and/or sacrificial electron donors. Fabricated as oriented COF thin films, COFs have already found use as active materials in optoelectronic devices. 51−54 However, COF films being utilized as photoelectrodes for direct water splitting have yet to be reported. Herein, we demonstrate the use of an imine-based COF, grown as oriented film on transparent, conducting substrates, serving as a light-absorbing material. This is the first report of a COF acting as a photoelectrode to enable photoelectrochemical water splitting in aqueous electrolytes without the use of a cocatalyst or sacrificial agent. In addition, we demonstrate a 4-fold increase in the obtained photocurrent by the application of a Pt nanoparticle hydrogen evolution catalyst.
■ RESULTS AND DISCUSSION
Synthesis of COF Systems. For the possible use as photocathodes in photoelectrochemical watersplitting devices, we investigated a 2D-COF built from aromatic amino-and thiophene-based units. The use of nearly planar p-type functional building units linked via polarizable imine bonds is expected to result in conjugated p-type semiconductors, whose optoelectronic properties can be varied via the structure of the building units and the nature of their stacking in the third dimension.
One building unit is a conjugated aromatic and 4-fold aminefunctionalized tetraphenylethylene (1,1′,2,2′-tetra-p-aminophenylethylene, ETTA). The ETTA monomer has been investigated in 2D-imine COF powders, 55 where it was shown to have a strong impact on geometry, shape, crystallinity, and the stacking distance of adjacent layers. The other component is the linear dialdehyde benzo[1,2-b:4,5-b′]-dithiophene-2,6-dicarboxaldehyde (BDT), which is a donortype dithiophene (Figure 1a) .
For use as electrodes in photoelectrochemical cells, the COFs were grown as films on transparent conducting fluorinedoped tin oxide (FTO) or indium tin oxide (ITO) substrates. We found that high concentrations of reactants result in homogeneous nucleation and growth of bulk COF powders, whereas dilute solutions promote heterogeneous film growth on a substrate. To avoid nucleation and precipitation of COF powders on the substrate, the substrates were placed with the FTO or ITO side down in a polytetrafluoroethylene (PTFE) film holder in a mesitylene−benzyl alcohol (v/v = 1:1) solution in an autoclave. After adding a catalytic amount of 6 M acetic acid, the films were grown for 72 h at 120°C. Intensely orangecolored BDT-ETTA COF films were obtained on FTO or ITO 
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Article substrates. Cross-sectional SEM images of BDT-ETTA films ( Figure 2 ) with different thicknesses demonstrate that COF films can be grown in the thickness range between 100 and 500 nm and that they adhere well to the substrate. The surface exhibits some roughness, which is notably less pronounced in the case of thinner films (compare Figure 2a) .
The BDT-ETTA COF is crystalline, as established by an intense and sharp 100 reflection and the presence of welldefined higher-order reflections in the powder X-ray diffraction (PXRD) pattern ( Figure 1c) . The reflection at around 20°2θ represents the π-stacking distance, which corresponds to 0.44 nm. The obtained PXRD pattern agrees well with the simulated pattern calculated for an AA eclipsed layer stacking model for a hexagonal structure in P6 symmetry (see Figure 1c and SI Figure 13 ). The π-stacking distance is high in comparison to other COF systems, which can be explained by the strong contribution of the propeller-shaped (i.e., nonplanar) ETTA motif to the final geometry compared to the planar thiophene linker. 19 Notably, both the XRD measurements in reflection mode (SI Figure 11 ) and grazing incidence diffraction (GID) patterns (Figure 2c,d) provide strong evidence for oriented growth of the COF films on the substrates. The orientation in the cdirection is evident from the intense reflections at q(y) = 0 originating from COF layers oriented parallel to the substrate and correspond to the reflections of the BDT-ETTA COF (compare PXRD in Figure 1c) . A weak diffuse arc arises from randomly distributed COF particles present on top of the highly oriented film (see SI Figures 9 and 11 ). For the electrochemical investigations we used the thinner films, as they constitute a well-defined system with less non-oriented COF material.
The nitrogen physisorption isotherms of the COF powder demonstrate that the BDT-ETTA COF forms a porous structure with clearly distinguishable micro-and mesopores ( Figure 1d ). The BET surface areas and total pore volumes for COF bulk material were calculated to be 1360 m 2 g −1 and 1.0 cm 3 g −1 , respectively. The bimodal pore size distribution shows pores of 1.67 and 3.68 nm in diameter. The pore sizes match the predicted values for the geometry of an AA eclipsed framework.
The TEM image of BDT-ETTA ( Figure 1b ) reveals a high degree of crystallinity and order, as demonstrated by the large domain sizes. 2D honeycomb-type facets are visible, where the ab plane is oriented perpendicular to the viewing direction. In other viewing directions, channels indicate the growth orientation, highlighting the crystallinity of the COF material with domain sizes of 50−100 nm.
Photoelectrochemical Properties of COF Films. The remarkable stability of the obtained BDT-ETTA in different 
Article solvents, including water in a pH range from 3 to 14 (see SI Figure 12 for further details), and strong absorption of visible light suggested that the novel BDT-ETTA COF structure would be an interesting example of a photoabsorber material for watersplitting applications. Therefore, we measured the photochemical activity at pH 7.
The absorption spectrum is shown in Figure 3 . BDT-ETTA films strongly absorb light in the visible range with an absorption threshold of around 550 nm and two absorbance maxima at 360 and 430 nm (Figure 3a) . The Tauc plot analysis of BDT-ETTA thin films (Figure 3b ) reveals a direct optical band gap of 2.47 eV, which is favorable for photoelectrochemical water splitting. 2 To determine the absolute positions of the conduction and valence band edges of BDT-ETTA films (corresponding to their LUMO and HOMO energies, respectively), electrochemical measurements in a nonaqueous electrolyte (0.1 M NBu 4 PF 6 in anhydrous acetonitrile) were performed. The cyclic voltammogram of a BDT-ETTA film electrode (Figure 3c ) shows an anodic peak with an onset at 0.37 V vs ferrocene/ ferrocenium (FOC), which we attribute to the expected oxidation of thiophene moieties. From this, the approximate position of the HOMO can be calculated to be −5.51 eV (see SI for further details). Using the optical band gap of 2.47 eV determined above, the LUMO position is approximately −3.34 eV. The absolute energy of the HOMO and LUMO of BDT-ETTA as well as the H 2 O/H 2 (hydrogen evolution reaction, HER) and O 2 /H 2 O (oxygen evolution reaction, OER) redox couples are plotted in Figure 3d . If we assume that the HOMO and LUMO positions do not change significantly due to protonation or deprotonation of the COF structure, the LUMO is higher in energy than the H 2 O/H 2 redox pair in solution over the entire pH range, which means that photoexcited electrons at the COF surface should be able to spontaneously transfer to the electrolyte, resulting in proton reduction and hydrogen evolution. The driving force, i.e., the potential difference between the LUMO of the COF and the HER, is significant, particularly in acidic solutions. In alkaline solutions, the HOMO energy lies below that of the OER redox couple, which would also render photoelectrochemical water oxidation and thus bias-free one-photon watersplitting thermodynamically feasible. However, the potential difference is limited to approximately 0.5 V, which approaches the minimum overpotential needed to drive the OER. Therefore, in the absence of an efficient OER catalyst, this reaction is not expected to yield significant currents. The photoelectrochemical performance of 100 nm BDT-ETTA films was characterized by linear sweep voltammetry in nitrogen-purged 0.1 M Na 2 SO 4 aqueous electrolyte under AM 1.5 illumination through the substrate in the potential range between 1.1 and 0.2 V vs RHE (Figure 4a) . The photoelectrode shows an early HER onset potential of 1.0 V vs reversible hydrogen electrode (RHE), reaching currents of up to 1.5 μA cm −2 at 0.2 V vs RHE. We note that thicker (500 nm) films with a less homogeneous orientation (cf. Figure 2b) show a higher current density of 4.3 μA cm −2 at 0.3 V vs RHE, demonstrating that the PEC performance of the COF films can be improved (SI Figure  2) . We investigated the cause of the photoactivity using electrodes made by drop-casting the COF components BDT and ETTA individually on ITO substrates. Cyclic voltammograms of these are shown in SI Figure 3 . ETTA shows no difference between dark and light currents below 0.4 V vs RHE, 
Article indicating that it is not photoactive by itself. The BDT electrode shows similar but lower photoactivity compared to the COF. We assume, therefore, that the photoactivity of the COF arises from the BDT component and that the formation of an oriented film in which the BDT is covalently bound amplifies its photoresponse and also improves stability. We also investigated whether the oriented porous structure of the BDT-ETTA films is required for successful water reduction. To this end, we prepared reference films using different solvents (mesitylene or anisole) for the COF growth solution, which do not result in oriented growth. Figure 4d shows cyclic voltammograms of these films under dark and illuminated conditions. In the case of films grown from mesitylene, no significant currents are observed in either case. Films grown from anisole exhibit very high dark reduction currents above the HER onset potential, indicating a reaction of the film material. The subsequent cyclic voltammetry scans under illumination yield a photocurrent lower than the original dark current over a wide potential range. This indicates that the film is neither photoactive nor stable under operating conditions. From these findings we conclude that oriented BDT-ETTA films, grown using suitable procedures such as those described in this study, are required for stable water photoreduction. Therefore, due to the well-defined geometry of the highly oriented thin (100 nm) films, we have chosen these as a system for further photoelectrochemical study. The incident-photonto-current-efficiency (IPCE) of these thin films was determined to examine the photoelectrochemical performance of the COF electrode at different wavelengths (Figure 4b ). The BDT-ETTA COF showed light-to-current conversion activity over a broad spectral range below 530 nm, reaching a maximum IPCE of 0.38% at 355 nm. Stability of the photoabsorber is a key requirement for achieving energy payback via photoelectrochemical hydrogen generation. 56 To investigate this issue, we performed chronoamperometric measurements under chopped illumination (8.3 mHz, 455 nm, 10 17 s
) at different potentials between 0.9 and 0.3 V vs RHE for 10 min each (Figure 4c ). BDT-ETTA films showed a stable photocurrent response over the entire potential range, while the absolute values of current density followed the trend of the linear sweep voltammograms.
Further, we investigated the stability of the COF photoelectrode for an extended period of time at 0.4 V vs RHE. At this potential, the BDT-ETTA films showed stable behavior with a negligible dark current density and good photoactivity. Chronoamperometric data were recorded at this potential for 5 h (Figure 4e, black) . The sample was alternatingly kept in the dark and illuminated with AM 1.5 simulated sunlight for 15 min at a time. After the initial switch-on transient a steady-state photocurrent density of 0.9 μA cm −2 was reached in each illumination step. To ensure that the resulting photocurrent arises from the water reduction, we designed a four-electrode setup enabling the continuous monitoring of the hydrogen evolution during this stability test (see experimental details and SI Figure 4 for further information). A platinum indicator electrode was placed next to the photocathode and polarized at Journal of the American Chemical Society Article 1.1 V vs RHE to oxidize dissolved hydrogen in the electrolyte. An oxidation current recorded at this electrode indicates hydrogen evolution in the system, although quantification of the hydrogen amount via this method is challenging due to a low collection efficiency of the indicator electrode (SI Figure  6 ). Prior to measurements the indicator electrode was polarized without illumination until a stable background current of 0.06 μA was reached (SI Figure 5) . Illumination of the COF film resulted in a photocurrent detected at the photoelectrode (Figure 4e, black) and a simultaneous rise in the hydrogen oxidation current at the indicator electrode (Figure 4e, red) . Switching off the light results in a decay of the photocurrent as well as the oxidation current. This behavior is stable and repeatable over the course of the measurement, indicating stability of the material under photoelectrochemical operating conditions. In order to rule out that the oxidative current observed in Figure 4e results from any other species than photoelectrochemically evolved hydrogen, we quantified the product with a hydrogen microsensor (Unisense A/S H 2 -NPLR) with a hydrogen-selective silicone membrane. At a static potential of the COF film of 0.4 V vs RHE, a direct correlation between the hydrogen evolution and the illumination of the sample with AM 1.5 simulated sunlight is evident (SI Figure 8) . The long-term stability demonstrated by the COF photoelectrode shows that no components of the COF material are dissolved by photocorrosion. This demonstrates that a BDT-ETTA covalent organic framework can be used as a stable photocathode for PEC water reduction. The conversion efficiency of photoelectrodes can be enhanced by a number of methods, including the application of a cocatalyst that facilitates the charge transfer to the electrolyte. We demonstrate that this is viable for COF photocathodes by decorating the COF film with platinum nanoparticles. As shown in Figure 5 , the BDT-ETTA/Pt films show a 4-fold increase in photocurrent compared to bare BDT-ETTA photocathodes. Therefore, we see the potential to improve the efficiency of COF photoelectrodes by combining them with suitable cocatalysts.
■ CONCLUSION
Our results show that BDT-ETTA COF films are viable photocathodes for light-driven water reduction. The material meets the requirements for this application, which include efficient light harvesting, suitable band positions, and stability. The polyimine framework BDT-ETTA is the first to be investigated in this context, representing an unexplored field of applications for COFs. Given the enormous diversity of molecular building units that can be employed in the construction of COFs, both the development of new framework structures and fine-tuning the properties of existing ones are possible. We envision that future research on combinations of building blocks and stacking modes and the combination of the photoabsorber with suitable cocatalysts will allow for further optimizing charge carrier lifetimes, long-term stability, and charge transfer kinetics in order to improve the conversion efficiency obtainable from COF-based photoelectrodes.
■ EXPERIMENTAL SECTION
All reagents and solvents were obtained from commercial suppliers and used as received: benzo(1,2-b:4,5-b′)dithiophene (>98%, TCI), benzyl alcohol (BnOH, anhydrous, Sigma-Aldrich), mesitylene (Mes, anhydrous, Sigma-Aldrich), tetrahydrofuran (THF, extra dry, stabilized, Acros Organics), acetonitrile (Sigma-Aldrich), ITO glass substrates (Visiontek, 12 Ω/sq), FTO-coated glass substrates (Pilkington, 7 Ω/sq).
General Procedure for BDT-ETTA COF Films. Under argon, BDT (7.88 mg, 0.032 mmol) and ETTA (76.28 mg, 0.016 mmol) were finely ground, added to a PTFE autoclave, and suspended in a mixture of benzyl alcohol and mesitylene (v/v 1:1, 2000 μL). A glass slide holder, containing ITO or FTO slides, was introduced to the liner. Acetic acid (6 M, 200 μL) was added, the autoclave was sealed, and the mixture was kept at 120°C for 3 days. The resulting orange film was rinsed with anhydrous THF and dried under reduced pressure. COF bulk material that precipitated beneath the film substrate holder was filtered and purified in a Soxhlet extractor for 24 h with anhydrous THF.
Structural Characterization. 1 H NMR spectra were recorded on Bruker AV 400 and AV 400 TR spectrometers. Proton chemical shifts are expressed in parts per million (δ scale) and are calibrated using residual nondeuterated solvent peaks as an internal reference (e.g., DMSO-d 6 : 2.50 ppm). Ultraviolet−vis−infrared diffuse reflectance spectra (Kubelka−Munk spectrum) of the films were recorded on a PerkinElmer Lambda 1050 spectrometer equipped with a 150 mm integrating sphere. Thin film absorbance spectra were measured by illuminating the sample though the substrate side and correcting for reflection. 57 Scanning electron microscopy (SEM) images were recorded with a JEOL 6500F and an FEI Helios NanoLab G3 UC scanning electron microscope equipped with a field emission gun operated at 3−5 kV. Transmission electron microscopy (TEM) was performed on an FEI Titan Themis equipped with a field emission gun operated at 300 kV. X-ray diffraction (XRD) measurements were performed using a Bruker D8 Discover with Ni-filtered Cu Kα radiation and a LynxEye position-sensitive detector. Experimental XRD data were used for Pawley refinement to optimize the hypothetical structure. The initial structure models of the COFs were built using the Forcite module of the Accelrys Materials Studio software package. We applied the space group with the highest possible symmetry, i.e., P6, taking into account the propeller-like conformation of the central building blocks. Using this coarse model we determined the unit cell parameters via Pawley refinement of the PXRD data. Nitrogen sorption isotherms were recorded on a Quantachrome Autosorb 1 at 77 K within a pressure range from p/ p 0 = 0.001 to 0.98. Prior to the measurement of the sorption isotherms the samples were heated for 24 h at 120°C under turbo-pumped vacuum. For the evaluation of the surface area the BET model was 
